Two experiments were conducted to determine the influence of dietary roughage concentration and feed intake on finishing steer performance and ruminal metabolism. In Exp. 1, 126 steers (334 kg) were used in a completely randomized design and fed (120 d) diets of steam-rolled wheat without roughage or containing 5, 10 or 15% roughage (50% alfalfa hay:50% corn silage). Steers fed 5 or 10% roughage gained faster (quadratic, P < .OS) and were more efficient (quadratic, P < .05) than steers fed 15% or no roughage. In Exp. 2, six xuminally cannulated steers (447 kg) were used in a 6 x 6 latin square design and fed (twice daily) diets of steam-rolled wheat without roughage or containing 5 or 15% alfalfa hay at twice or three times NE required for maintenance. Increasing dietary roughage increased (hear, P < .Ol) ruminal liquid passage 38%, indigestible ADF passage 63%, Yb-labeled wheat passage 75% and fiber f i i 31%. The rate of in situ starch digestion tended to increase (linear, P = .16), and ruminal VFA concentration was 40 mM higher (P < .01) at 4 h after feeding with increased roughage. Increased feed intake increased (P < .OS) ruminal starch fill, fiber fill, liquid fi and liquid passage 23% Yb-labeled wheat passage 50% and Dy-labeled hay passage 20%. It reduced protozoa five-to sixfold (P e .01) but doubled total bacterial counts (P < .01). Ruminal NH3N was lower (P < .01) and total VFA concentration was 50 mM higher (P < .01) at 4 h after feeding. The acetate: propionate ratio was reduced from 2.3 to 1.3 (P < .01) with increased intake. Adding roughage to a steam-rolled wheat diet increased passage and tended to increase rate of starch digestion; increased feed intake with its associated effects on ruminal fill and passage dramatically shifted the microbial population and fermentation end products. ( 
Roughages are included in high-grain cattle finishing diets to reduce digestive and metabolic problems; the optimal roughage level varies with grain source, processing method and roughage source (Owens, 1987) . Minimal research has been conducted with roughage levels in steam-rolled wheat diets; few experiments have sought to explain the beneficial effects of adding small amounts of roughage (less than 10%) to high-grain diets. Therefore, two experiments were conducted to determine 1) the optimal roughage level for a steamrolled wheat die$ fed to finishing steers and 2) the effect of roughage level and energy intake on ruminal metabolism in cattle fed steamrolled wheat diets.
Materlals and Methods

Experiment 1
A total of 126 British breed and crossbred steers (334 kg) were stratified by weight and breed type and allotted randomly within stratum to 1 of 12 groups (11 to 12 hagroup). Steers were placed in open-lot pens and fed (120 d) steam-rolled wheat-based diets (Table  1) without roughage or containing one of three roughage concentrations (three pens/treatment). With corn silage considered to be 100% roughage, roughage made up 5, 10 or 15% of the dietary DM and consisted of 50% corn silage and 50% chopped alfalfa hay. The wheat was steam-rolled to a bulk density of 582 gl liter (43 lbhushel).
Cattle were stepped up to their final diet as follows: 1) all cattle were fed 60, 40, 20 and 15% roughage diets for 4, 4, 4 and 3 d, respectively; and 2) for cattle assigned to 10 and 5% or no roughage, the dietary roughage was further reduced by 5% increments at 3-d intervals. In this manner, cattle assigned to no roughage were stepped up in 21 d.
All cattle were vaccinated for Infectious
Bovine Rhinotracheitis, Parainfluenza3 and
Bovine Virus Diarrhea and with 7-way Clostridia, implanted with 200 mg estradiol 17-beta and injected with ivermectin. Both initial and final weights were determined using the mean of two consecutive daily weights with a 4% calculated shrink Diet net energy values were estimated from steer performance, assuming that the daily maintenance require ment was . Incubated and centrifuged ruminal fluid (Olumeyan et al., 1986 ) was used to prepare basal medium for enumeration of total and amylolytic bacteria. Total viable, anaerobic bacteria were determined using a complete carbohydrate medium (Olumeyan et aL, 1986) , and amylolytic bacteria were enumerated on basal medium containing .3% wheat starch as the energy source. Both c u l m media were prepared in bulk, and 4 ml was dispensed under N2 into roll-tubes containing 80 mg purified agar. The tubes were crimpeyl with aluminum seals and autoclaved. Cellulolytic bacteria were enumerated in Hungate tubes containing 10 ml of cellulose broth (Olumeyan et al., 1986 ) and a filter paper strip (1 cm x 5 cm).
Serial 10-fold dilutions (1O-I to 10-9) of strained ruminal fluid were made in anaerobic dilution blanks (Anderson et al., 1987 Teeter et al. (1984) . Feed was allowed to soak with 28 mM Dy or Yb (50 g feed/liter) for 12 h at 25'C. Excess marker solution was strained off through four layers of cheesecloth, and a weighted garden hose was inserted into the tub. The tub was covered with four layers of cheesecloth, and the feed was rinsed with tap water for 6 h. The pH of the tap water + feed was adjusted to 4.5 with HC1; the feed was allowed to soak for an additional 6 h and was rinsed again with tap water for 6 h. Excess tap water was strained off through four layers of cheesecloth, and the labeled feedstuff was dried in a forced-air oven at 55'C for 48 h.
Steers were pulsedosed ruminally with 250 g labeled hay and 450 g labeled wheat after initial digesta sampling (0 h) but before the 0800 f&g on d 13. Ruminal digesta then was sampled at 4, 8, 12, 18, 24, 36 and 48 h after dosing. Marker was extracted as outlined by Hart and Polan (1984); its concentration was determined by atomic absorption spectroscopy using a nitrous oxide-acetylene flame.
Cr-EDTA Dosing. Cr-EDTA was prepared as described by Binnerts et aL (1968) , and 250 ml was pulsedosed ruminally along with labeled hay and wheat before the 0800 feeding on d 13. Ruminal fluid samples were collected at 2, 4, 6, 12, 18 and 24 h postdosing. After samples were frozen, thawed and centrifuged, Cr concentration was determined with an airacetylene flame using atomic absorption spectroscopy. Liquid dilution rates were calculated as described previously (Jacques et al., 1986 pling time x roughage, sampling time x feed intake, and sampling time x roughage x feed intake. Whole-plot effects (roughage, feed intake, raughage x feed intake) were tested for 4CdlufilQD, US Biochemical, Cleveland. OH. significance using the whole-plot residual sums of squares. The whole-plot residual sums were partitioned by including the four-way interaction of steer x period x roughage x feed intake in the model. Subplot effects (sampling time, sampling time x roughage, sampling time x feed intake, and sampling time x roughage x feed intake) were tested for significance with the subplot residual sums of squares. Sums of squares due to roughage were further partitioned into linear and quadratic effects. When a whole-plot x subplot interaction occurred (sampling time x roughage, sampling time x intake), means were separated within sampling time using a t-test with an alpha of .05.
Rate of in situ starch digestion of steamrolled and dry-rolled wheat also was analyzed with a split-plot analysis. The model used was the same as previously described, with the exception that the subplot effect was processing method (steam-rolled vs dry-rolled).
All other variables were analyzed according to a latin square design. The model includd steer, period, roughage, feed intake and roughage x feed intake. Sums of squares for roughage were further partitioned into linear and quadratic effects. Because roughage levels in Exp. 2 were not evenly spaced, linear and quadratic coefficients for roughage level contrasts were generated using the hoc Matrix procedure (SAS, 1985). When a feed intake by roughage interaction occurred, means were separated using a t-test with an alpha of .05.
Results
Experiment I. Daily DMI increased linearly (P = .08) with increasing dietary roughage ( Table 2) . whereas daily gain, feed/gain and carcass weight responded quadratically (P < .05). Steers fed 5 or 10% roughage tended to gain faster, were more efficient and had heavier carcasses than control steers or those fed 15% roughage. Diets containing 5 or 10% roughage tended to have greater observed NE for maintenance (quadratic P = .OS) and NE for gain (quadratic P = .11) than diets containing 0 or 15% roughage. Ratios of 0bserved:predicted NE for maintenance and gain were similar for the diets containing 5, 10 or 15% roughage but tended to be lower for the 0% roughage diet. No differences were found in carcass traits among treatments; a high percentage of livers were condemned (55% to 71%).
Experiment 2. Averaged across the entire experiment (Table 3) . steers weighed 517 kg Ruminal liquid passage and Yb-labeled wheat paS8age rates increased linearly (P < .01) with increasing dietary roughage (P < .01) and increased feed intake (P < .Ol). Indigestible ADF passage increased linearly (P < .05) with increasing roughage but was unaffected by feed intake. Dysprosium-labeled hay passage increased with increased roughage (P < .05) and increased feed intake (P = .09).
There was a feed intake x dietary roughage interaction (P < .05) for ruminal cellulolytic bacteria. Counts were highest (P < .05) when the 0 roughage diet was fed at 3M. In situ ruminal starch digestion flable 4) was 3.5 times faster for dry-rolled than for steam-rolled wheat (P < .01). As dietaryroughage increased, the rate of starch digestion tended to increase (linear, P = .16). 'Recessing mthods dificx (P < .01).
Ruminal protozoal populations were dramatically influenced by feed intake (Tables 5 and 6). Although there was a feed intake x sampling time interaction (P < .Ol), total protozoal populations were five-to sixfold higher in steers fed at 2 M than in steers fed at 3M. Numerically, Entodiniwn contributed a p proximately 80% to the total population. Epidinium, Dasytricha, Isotricha and Ophryoscolex combined to contribute about 19% of the total population, with Polyplastron, Metadinium and Diplodinium composing only 1.2% of the total population ( Table 6 ). All protozoal genera were less abundant in steers fed at 3M (P < .lo).
Total and amylolytic ruminal bacterial counts (Table 7) decreased after feeding (time effect; P < .05), then returned to prefeeding levels; their numbers doubled with increased feed intake (P < .01). Also, with increased feed intake, molar proportions of acetate and butyrate decreased (P < .Ol), and the molar proportion of propionate increased (P < .01). The acetate:propionate ratio differed as well (P < .Ol), being 2.3 in steers fed at 2M vs 1.3 in steers fed at 3M.
Lactate concentrations were measured on ruminal fluid collected from sters fed at 3M in periods one, two and three. Maximal lactate concentration assayed was .6 mM. Due to the low concentration, no furrher assays were conducted. The higher the dietary roughage, the higher were the total VFA at 2, 4 and 6 h after feeding ( Table 8) . This resulted in a dietary roughage by sampling time interaction (P c .lo). A feed intake x sampling time interaction o c c d as well (P < .Ol). At 4 h after feeding, total VFA concentration peaked at 184 mM in steers fed at 3M compared with 133 mM in steers fed at 2M.
Ruminal pH tended to decline more rapidly after feeding in steers fed at 3M compared with steers fed at 2M (feed h a k e by sampling time, P < .05). Ruminal NH$ concentration was greater across all sampling times in steers fed at 2M (P < .Ol); however, a feed intake x sampling time interaction occurred (P < .01).
In steers fed at 2M, N H f l concentration increased from 0 to 2 h after feeding, whereas it decreased in steers fed at 3M.
Dlscusslon
Experiment 1
Consistent with other research evaluating roughage levels with other grain types, DMI (Gill et al., 1981; Stock et al., 1987 Stock et al., , 1988 . In our experiment, the improved cattle performance when diets contained either 5 of 10% roughage is consistent with data from G i l l et al. (1981) , who reported that roughage additions to steam-flaked or high-moisture corn diets increased daily gain and feed efficiency. However, with a more slowly digested grain (grain sorghum), Stock et al. (1987 Stock et al. ( , 1988 reported that cattle were most efficient when diets contained no roughage. In our experiment, a high incidence of condemned livers occurred (54 to 71%). Because no tylosin was added to the diet, this was expected. Interestingly, roughage level did not affect the incidence of liver abscesses.
Experimenr 2
Microbial Populations and FermentationProfile. The ruminal microbial population differed dramatically with feed intake. The five-to sixfold reduction in the protozoal population probably resulted from the increased liquid and particulate passage (Weller and Pilgrim, 1974) and lowered ruminal pH (Purser and Moir, 1959) . This finding also is consistent with reports by Slyter et aL (1970) and Lyle et al. (1981) that 85 to 90% of the pen-fed cattle with ad libiturn access to highgrain diets were defaunated. However, the reduction in protozoal numbers with intake was not consistent across steers fed at 3M.
Although the mean protozoal number in steers fed at 3M was ld/gram of ruminal digesta, protozoal numbers were less than 103/pm of ruminal digesta in 11 out of the 18 observations. Large variations in protozoal numbers among steers fed high-grain diets ad libitum also have been reported by T o m e et al. (1990) . Ruminal digesta samples collected at slaughter averaged I d protozoa per gram of digesta but values ranged up to 106/grarn of digesta. In general, protozoal populations in cattle with ad libitum access to high-grain diets are low, but animal-to-animal variation is large.
Both total and amylolytic bacterial populations more than doubled with increased intake, probably because of increased substrate availability and less microbial competition due to less protozoal predation (Coleman, 1986) . The increased bacterial counts also are consistent .expreSscd p a gram of ruminal DM. %ampling time effect (P < .01).
' ? Z M and 3M differ (P < .Ol).
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with other reports (Eadie and G i l l , 1971; Whitelaw et al., 1972) comparing faunated and defaunated ruminal environments, where lower protozoal numbers were associated with increased bacterial populations. The interaction that occurred with cellulolytic bacterial populations is difficult to explain but because numerically they represented only 1% of the total bacterial population, its importance becomes secondary. Their low numbers relative to the total bacterial population are not surprising; other researchers have reported that only a small amount of fiber is digested nuninally when high-grain diets are fed (DeGregorio et al., 1982; Brink and Stele, 1985) .
The increase in VFA concentrations with increased feed intake probably was due to increased substrate availability. The decreased acetate:propionate ratio with increased intake can be, at least in part, attributed to the differences in microbial populations. When high-grain diets were fed to faunated and defaunated steers, the acetate:propionate ratio was much lower in the defaunated steers (about 3.5 vs 1.75; Whitelaw et al., 1972 Whitelaw et al., , 1984 .
The lower ruminal NHjN concentration with increased intake also can be attributed to different microbial populations. Ruminal N H f l is lower in defaunated animals (Viera, 1986) . The increased ruminal DE resulting from the increased DM intakes also may contribute to lower ruminal NHjN concentrations through increased utilization of NHjN for microbial growth. This has been attributed to an increased amount and efficiency of microbial protein synthesis and a decreased degradation of dietary protein in defaunated animals' (Viera, 1986) .
In Situ Starch Digestion. The rate of starch digestion was determined in situ for dry-rolled and steam-rolled wheat. These processing methods are most commonly used when wheat is fed to cattle. The faster disappearance of starch from dry-rolled wheat than from flaked wheat is difficult to interpret because results are confounded by steam treatment and particle size. However, the increased digestion rate with smaller particle size is consistent with data from Thomas et al. (1988) and Galyean et al. (1981) , who reported an increased rate of DM and starch digestion in grain with smaller particle sizes. This usually is attributed to greater surface area, which exposes more starch for fermentation (Brandt et al., 1987) . Hale (1984) reported that feed consumption and daily gain were greater, but feed efficiency was poorer when wheat was fed steam-flaked rather than dry-rolled. He hypothesized that the advantage might be due to a slower rate of starch digestion in the flaked compared with the dry-rolled form, probably because of less fines. In contrast, corn and sorghum are fermented more rapidly when they are steam flaked rather than dry rolled.
One concern of the in situ procedure is the possibility that small feed particles can escape through the nylon bag pores; this would result in overestimation of digestion rate. However, when rate of digestion was determined using data points from 0 to 48 h or 4 through 48 h, the calculated digestion rate constants were similar. This suggests that any starch that had been solubilized or that escaped from the nylon bag immediately did not affect the calculated digestion rate, Rate of starch digestion tended to increase with increased dietary roughage. Using corn with a 3-or 6-mm particle size, Teeter et al. (1980) reported that adding 40% alfalfa hay to a corn-based diet increased the rate of in situ starch digestion between 50 and 80%. Why this also occurred in our experiment is difficult to explain, because there were no differences in ruminal pH, bacterial numbers, protozoal numbers or N H f l concentrations across roughage levels. However, an increase in ruminal liquid dilution rate occurred with increased dietary roughage. Because this has been related to an increased efficiency of microbial growth (Chalupa, 1977) and an increased microbial turnover, perhaps the microbial population was more active. This may explain partially the increased digestion rate that occurred, independent of particle size.
Additional evidence for an increased rate of digestion is provided by ruminal VFA concentrations. The increased ruminal VFA concentration after feeding with increasing roughage may have occurred because of the increased rate of starch digestion observed in situ. In addition, particle size may have been reduced more during eating and rumination with more dietary roughage (Owens, 1987) . Possible differences in rate of digestion along with the lower VFA concentrations may explain why performance of animals consuming the 0% roughage diet was lower than expected. Addition of roughage tended to boost the energetic efficiency of those animals.
Ruminal Passage. Ruminal fluid dilution rate was 38% greater with increased roughage and 23% greater with increased intake. Because ruminal fluid VFA concentration increased with increasing roughage level and ruminal pH was unaffected, the increased dilution rate probably was the result of increased saliva production. This, in turn, could have buffered the increased acid level.
Particulate passage also was affected by dietary roughage and intake. Indigestible ADF exited the rumen 63% faster with increased roughage but was unaffected by intake. Ruminal passage of Yb-labeled wheat was 75% faster with increased roughage and 50% faster due to increased intake, and that of Dy-labeled hay also was faster with increasing roughage and increased intake. The fact that indigestible ADF passage was not affected by intake but that Yb-labeled wheat and Dy-labeled hay passage was affected may be due to the different techniques involved in their determination. Estimates involving Yb and Dy assume that each marker remains bound to its original material; however, markers can migrate weeter et al., 1984). The 75% increase in the rate of passage for wheat with increased roughage may not cause a proportional shift in the site of starch' digestion, however, because the rate of starch digestion may increase. At 4 h postfeeding total VFA concentration was 27% higher with increased roughage and the rate of starch digestion was increased by 17%. Goetsch et al. (1984) reported that 12% chopped alfalfa hay added to a rolled sorghum diet increased ruminal sorghum passage rate by 46% and decreased ruminal starch digestion from 55 to 41%. On the other hand, other researchers have reported that adding prairie hay (Zinn and Owens, 1980) or alfalfa hay (Brink and Steele, 1985) to corn-based diets increased ruminal starch digestion. Therefore, roughage (hay) additions to high-grain diets may increase ruminal grain passage, but this may be partially offset by an increased ruminal digestion rate, which partially modulates passage rate effects on the site of starch digestion.
Ruminal Fill. Ruminal liquid volume was unaffected by dietary roughage but was greater with increased intake. Based on Cr-EDTA dilution, the estimates for ruminal liquid volume were 60, 58, 61 and 68. 63 and 60 liters for steers fed 0, 5 and 15% roughage at 2M and 3M, respectively. These volumes are some 15 liters larger than volumes based on ruminal evacuation. Similar discrepancies between actual and estimated volumes also have been reported by Jacques et al. (1986) and Stokes et al. (1985) . Whether these discrepancies are due to time of dosing in relation to feeding or inadequate mixing is unclear.
The increased ruminal fiber fill with increasing dietary roughage and intake probably was due to increasing dietary NDF content (15, 16 and 18% NDF for 0,5 and 15% roughage) and increased NDF intake. Also, with low cellulolytic bacterial populations, we would not expect a large amount of ruminal fiber digestion to occur.
For steers fed at 3M, starch fill decreased with increased roughage. This decrease m a y be related to three factors. With increasing dietary roughage, dietary starch content decreased from 54 to 46%, wheat exited the rumen faster, and the rate of starch digestion increased.
However, in steers fed at 2M, ruminal starch fill was much lower and was not affected by dietary roughage. Based on the factors cited above, we would expect ruminal starch f i l l to decrease with increasing roughage in steers fed at 2M. Differences in eating behavior in relation to time of ruminal evacuation may be responsible. Steers fed at 2M consumed their feed rapidly (less than 30 min), whereas those fed at 3M ate their meal more slowly (2 to 6h).
Based on these data, we conclude that increasing dietary roughage in steam-rolled wheat diets increases ruminal liquid dilution, particulate passage and the rate of fermentation. The increased dilution rate probably is a result of increased saliva production, which, in turn, buffers the increased acid load resulting from an increased fermentation rate. The increased passage rate effects probably were largely compensated for by an increased digestion rate. Increased intake also increased ruminal fill, liquid passage and particulate passage. Ruminal VFA concentration increased and pH was reduced, and a dramatic shift occurred in the microbial population toward reduced protozoa numbers and a doubling of bacteria. As a result, ruminal ammonia concentrations were much lower and VFA poportions shifted to a greater molar proportion of propionate. The decreased ruminal ammonia concentration probably was due to less proteolysis of the basal diet and to increased microbial protein synthesis.
lmpllcations
Small amounts of roughage in steam-rolled wheat diets may improve cattle performance by increased ruminal buffering capacity caused by increased saliva production. Although nuninal particulate passage increased with increasing dietary roughage, the rate of ruminal digestion tended to increase as well. With addition of more than 10% dietary roughage, feed efficiency was poorer. Increasing feed intake dramatically affects passage, bacterial and protozoal populations and fermentation end products. The effects of feed intake point out a need to critically evaluate previous digestion and metabolism studies and starch utilization experiments conducted at restricted intakes. Extrapolating data to intact cattle fed high-grain diets ad libitum, which consume atabout three times maintenance for most of the finishing phase, may be incorrect. 
